We present a detailed study of inelastic energy-loss collisions of photoelectrons emitted from He nanodroplets by tunable extreme ultraviolet (XUV) radiation. Using coincidence imaging detection of electrons and ions, we probe the lowest He droplet excited states up to the electron impact ionization threshold. We find significant signal contributions from photoelectrons emitted from free He atoms accompanying the He nanodroplet beam. Furthermore, signal contributions from photoionization and electron impact excitation/ionization occurring in pairs of nearest-neighbor atoms in the He droplets are detected. This work highlights the importance of inelastic electron scattering in the interaction of nanoparticles with XUV radiation.
I. INTRODUCTION
Energetic electrons created inside a condensed phase system primarily interact with the individual atoms of that substance and their scattering can be predicted quite accurately. In contrast, low-energy electrons interact with the whole molecular network, and their scattering is currently too complex to make accurate predictions. In particular, inelastic and elastic scattering of slow electrons in water is lacking a complete understanding [1] . Therefore, precise measurements using simple model systems can add to the fundamental understanding of electron scattering in the condensed phase. Here, we present experiments with helium (He) nanodroplets which feature (i) an extremely simple electronic structure of the He constituent atoms, (ii) a homogeneous, superfluid density distribution [2, 3] , and (iii) a high electrophobicity, which facilitates the emission of slow electrons out of the droplets and thus allows for their sensitive detection.
He nanodroplets are commonly regarded as "ideal spectroscopic matrices" providing a transparent, cold, and weakly perturbing environment for the spectroscopy of embedded molecular species [3, 4] . They can be seen as flying nano-cryostats in which individual molecules are isolated and cooled upon pickup of a single molecule per droplet. When doping two or more molecules per droplet at elevated vapor pressure of the dopant species, aggregation into ultracold complexes with sometimes unusual configurations occurs [5] [6] [7] . Thus, applying advanced spectroscopic techniques to dopants inside He nanodroplets may open new ways of probing the structure and dynamics of unconventional molecular complexes and nanoparticles [8] [9] [10] [11] .
While photoionization combined with ion detection has proven to be a useful technique to probe neutral and cationic molecules [12] [13] [14] [15] [16] [17] , the powerful technique of photoelectron spectroscopy is less established. Most photoelectron studies have been carried out using resonant two-photon ionization by nanosecond laser pulses, where local rearrangement of the He solvation shell around the intermediate excited dopant may impact the spectra [18] [19] [20] [21] [22] . A few studies of photoelectron spectra using onephoton ionization by XUV radiation have been reported for pure [23] [24] [25] [26] and doped He droplets [27] [28] [29] [30] . However, in the latter case, dopants were ionized indirectly either by Penning ionization or by charge transfer from ionized He nanodroplets. Therefore, no information about the dopants was extracted from the measured electron spectra.
One difficulty in performing ultraviolet photoelectron spectroscopy (UPS) or even x-ray photoelectron spectroscopy (XPS) of doped He nanodroplets is that the emitted photoelectrons interact with the He matrix on their way from the photoionized dopant to the detector. This can lead to unwanted loss of angular information (anisotropy), to distortions of the electron spectra, or even to electron-ion recombination. Note that He droplets are even capable of trapping electrons when bombarding the droplets with electrons of several eV of kinetic energy [31] . Anionic He droplets as well as anionic atomic and molecular He ions are also detected at electron impact energies around 22 and 44 eV [32] . At these energies, the impinging electron excites one or even two He atoms inside the droplet and subsequently attaches to one excited He * atom. Similarly, by photoionizing He droplets at photon energies hν > 44 eV, we have previously found indications that the photoelectron undergoes inelastic collisions with the He thereby losing around 22 eV of kinetic energy [24] . In contrast, the spectra of electrons originating from ionization and correlated decay processes revealed only weak perturbations by the He droplets [26] . The present study is devoted to inelastic scattering of photoelectrons with He nanodroplets. We resolve individual components of the electron energy-loss spectra measured at various photon energies. From the analysis of peak positions and amplitudes, we infer various inelastic scattering scenarios.
II. METHODS
The experiments are performed using a He nanodroplet apparatus combined with a velocity map imaging photoelectron-photoion coincidence (VMI-PEPICO) detector at the GasPhase beamline of Elettra-Sincrotrone Trieste, Italy. The apparatus has been described in detail elsewhere [24, 28] . Briefly, a beam of He nanodroplets is produced by continuously expanding pressurized He (50 bar) of high purity out of a cold nozzle (10-28 K) with a diameter of 5 µm into vacuum. At these expansion conditions, the mean droplet sizes range between N = 700 and ∼ 5 × 10 6 He atoms per droplet. Further downstream, the beam passes a mechanical beam chopper used for discriminating droplet-beam correlated signals from the background.
In the detector chamber, the He droplet beam crosses the synchrotron beam perpendicularly in the center of the VMI-PEPICO detector. By detecting either electrons or ions with the VMI detector in coincidence with the corresponding particles of opposite charge on the TOF detector, we obtain either ion mass-correlated electron VMIs or mass-selected ion VMIs. Kinetic energy distributions of electrons or ions are obtained from the VMIs by Abel inversion [33] . The energy resolution of the electron spectra obtained in this way is ∆E/E 5%. In this study, the XUV photon energy is tuned in the range hν = 44-64 eV. Ion mass distributions from the He droplet beam recorded at these photon energies contain a series of cluster masses He + n , n = 1, 2, 3 . . . ; but by far the most abundant fragments are He + and He + 2 [24] . All electron and ion spectra discussed in this work are measured at a He nozzle temperature of T = 14 K which corresponds to a mean number of atoms per droplet of N = 23, 000, unless otherwise specified.
III. RESULTS AND DISCUSSION
Photoelectron spectra and photoelectron angular distributions of He nanodroplets near the ionization threshold have been studied before [23, 24, 34] . In the experiment using PEPICO-VMI recorded in coincidence with He + , both the electron energy and the anisotropy was found to match that of the free He atom (β = 2) [24] . In contrast, electrons measured in coincidence with He + 2 were slightly upshifted in energy and their anisotropy was reduced to β ≈ 1. Therefore, we concluded that He + ions created near the ionization threshold predominantly originate from free He atoms accompanying the He droplet beam, whereas He + 2 and larger molecular ions He + n , n > 2 are ejected from ionized He nanodroplets.
When the photon energy is tuned to hν 44 eV, additional peaks and broad features appear in the electron spectra which are shifted to lower energies by 18.5 eV, see Fig. 1 . The peaks are due to inelastic scattering of the primary photoelectron with the He nanodroplets thereby exciting He atoms into excited states or into the ionic continuum. The fraction of inelastically scattered electrons with respect to those emitted directly with a kinetic energy around hν − E i rises from 0 up to > 1 when the mean radius R of the He droplets is increased from 2 to about 20 nm by lowering the temperature of the He nozzle from 28 to 12 K, see inset in Fig. 1 . Here, E i = 24.59 eV is the atomic ionization energy of He. The red line depicts the estimated fraction of inelastic collisions, exp(σn He R) − 1. Here, σ = 0.29Å 2 is the total inelastic collision cross section at hν = 55 eV [35] , and n He = 0.0218Å −3 is the density of He atoms in He nanodroplets [2] . The reasonable agreement of our simple estimate with the experimental data confirms our interpretation. Accordingly, the mean free path of electrons with a kinetic energy of hν −E i = 30.41 eV in He nanodroplets due to inelastic scattering is 1/(σn He ) = 15.8 nm. When the mean He droplet size is further increased to > 100 nm (not shown), this ratio of inelastic collisions versus directly emitted electrons further rises to > 10, but an additional feature eventually dominates the electron spectrum which will be discussed elsewhere.
A. Electron energy-loss spectra
Typical raw spectra recorded at higher resolution and in coincidence with He + and He E l e c t r o n k i n e t i c e n e r g y ( e V ) Figure 2 .
Photoelectron spectra recorded in coincidence with He + and He + 2 ions at a photon energy hν = 51 eV. Only the low-energy part is shown, where a multi-peak structure is generated by inelastic scattering of the primary photoelectron with He atoms thereby exciting them into various excited states.
ter inelastically. This interpretation is supported by the dependence of the yield of inelastically scattered electrons detected in coincidence with He + in proportion to those detected in coincidence with He + 2 , depicted in Fig. 3 . As the temperature of the He nozzle is increased from 12 to 22 K and thus the mean droplet size decreases from about 1.9 × 10 6 to 2,700 He atoms per He droplet, the ratio of inelastically scattered electrons (integral over electron spectra from 0 to 8 eV) in coincidence with He + versus He + 2 rises by nearly a factor of 2. The smooth bell shaped curves in Fig. 2 depict gaussian functions which are simultaneously fitted to the experimental spectrum. Due to the limited quality of the experimental data, only 8 peaks can be identified with high confidence. We attribute them to the lowest excited states 1s2s
3 S up to 1s3p 1 P as well as the ionization continuum. As these states have the highest impact excitation cross sections [35] , they are expected to dominate the spectrum. From the peak positions of the fit curves, we infer the energy loss which equals the excitation energy of the respective state (see legend). The peak integrals correspond to the relative probabilities of exciting the various states by electron impact, see Sec. III C.
The broad feature in Fig. 2 b) reaching from zero up to 3.5 eV electron energy is due to electrons created by electron impact ionization of He. The flat structure of this feature indicates that the energy is shared between the two electrons according to a uniform distribution function, in accordance with previous findings [36] . Note that in our experiment, we detect only one of the two electrons due to the finite deadtime of the detector. While the peaks in Fig. 2 a) and b), corresponding to excited states, are similar in positions and amplitudes, the distribution assigned to impact ionization is more pronounced in the coincidence measurement with He + 2 . Another significant difference between the spectra in coincidence with He + and with He + 2 is the occurrence of two small peaks at an electron energy between 7 and 8 eV in the He + electron spectrum [ Fig. 2 a) ], not present in the He + 2 electron spectrum. These peaks are present in all He + -correlated spectra except for those recorded at expansion conditions when large He droplets (N > 10 5 ) are formed (nozzle temperature T < 14 K).
To get an overview of the results at all measured photon energies ranging from 44 up to 56 eV, we plot in Fig. 4 the energies of the He states excited by electron impact, E * = hν − E i − E p , obtained from the fitted peak positions E p . The error bars indicate the widths of the fitted peaks (standard deviation). The choice of the atomic ionization energy as the value of E i is well justified when analyzing the He + coincidence electron spectra which are primarily due to photoionization of free He atoms. As for the He + 2 coincidence data, the corresponding value of E i may be slightly reduced by about 0.1 eV as observed in photoelectron spectra recorded near-threshold [24, 34] . However, for the sake of consistency with the representation of the He + data, and since the shift of E i is small compared to the resolution of our spectrometer, we use the same value E i = 24.59 throughout.
The horizontal dashed lines in Fig. 4 represent the He excited state energies E * for the He atomic values E p [37] . The slanted dashed lines tangent to the onset of the data points at low photon energies represent the highest possible energy that the primary photoelectron can transfer by exciting a He atom, hν − E i . The slanted dashed lines that nearly match the fitted positions of the broad impact ionization feature represents the linear function hν − 3E i /2, that is the expected energy of electrons created by impact ionization when assuming equal energy sharing between the two electrons.
Overall we find a good correspondence between the H e + H e P o t e n t i a l e n e r g y ( e V ) fitted peak energies and the literature values [37] . However, the experimental atomic excitation energies are systematically up-shifted in energy by 0.2-1 eV, where the higher excited states are up-shifted more than the lowest He excited state 1s2s 3 S. We attribute this up-shifting to the repulsive interaction of He * excited atoms (assuming prompt localization of the excitation on one atom) with the surrounding ground state He atoms inside the He nanodroplet. This concept is commonly adopted to explain the broad, blue-shifted features in photoabsorption spectra of He nanodroplets [38] [39] [40] . For the higher excitations into 1sn -states with principal quantum number n = 3, 4 and = 0, 1, 2, even the ejection of free Rydberg atoms was observed [40] . In our experiment we find an average up-shift of the excitation energy of the 1s2p 1 P-state of ∆E1 P = 0.8 ± 0.2 eV, which matches the blue-shift of the absorption peak very well [38] . In this way, we can specify the energetic upshift for the optically forbidden states 1s2s 3 S and 1s2p 3 P to ∆E3 S = 0.35 ± 0.1 eV and ∆E3 P = 0.45 ± 0.2 eV, respectively. Likewise, we obtain values for the full widths at half maximum (FWHM) for each peak. These values range from 0.7±0.1 eV (1s2s 1 S and 1s2p 1, 3 P), 0.9±0.2 eV (1s2s 3 S) to 1.6 ± 0.6 eV (1s3p 1 P). The peak widths for the optically allowed states are in good agreement with those measured by photoabsorption spectroscopy.
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B. Nearest-neighbor excitation and ionization by electron collision
In addition to the peaks corresponding to atomic excitations of He, we find two small peaks at energies about 1 eV below the lowest excited atomic level 1s2s 3 S in the He + coincidence spectra [ Fig. 2 a) ]. How can an electron lose less energy than the lowest He excitation in an inelastic collision with a He nanodroplet? We have mentioned that the presence of neutral He atoms around the impactexcited He atom can only cause an up-shift of the energy of the low-lying levels. The interpretation we propose is based on the peculiar shape of potential curves for a pair of He atoms where one is excited and the other is ionized, see the green and blue lines in Fig. 5 . In the range of most probable He-He interatomic distances inside He nanodroplets, around 3.6Å [34] , the lowest two potential curves 2 2 Σ + g,u correlating to the pair of atoms He * +He + feature a shallow well with a depth of 0.6 and 1.0 eV with respect to the He * (1s2s 3 S)+He + atomic asymptote, respectively. Thus, we assume that the primary photoelectron undergoes an inelastic collision with a neighboring He atom whose excitation energy is down-shifted by the presence of the nearby photoion. We mention that this process resembles the well-known shake-up and knockup processes in an atom or a molecule, where an electron is emitted by the absorption of an energetic photon and simultaneously the remaining photoion is electronically excited [43] . Shake-up, which is driven by electron correlation, is less likely to play a role here given the large distance between two He atoms [44] . However, we cannot exclude its contribution to the measured signal given that more than one atom surrounds the ionization center which may lead to a collective enhancement.
According to our interpretation of the two additional peaks in terms of He * +He + molecular excitations, we have added dashed horizontal lines at excitation energies of 18.8 and 19.2 eV in Fig. 4 a) . The good agreement of these values with the experimental peak energies confirms our model. The missing up-shift for these states is due to the fact that now the nearest neighbor of the He * is the He + photoion which down-shifts the level. This is in contrast to the more frequent cases where the photoion is at some distance away from the He * , and the nearest neighbor to the He * is a neutral He atom causing an up-shift of the He * level, as discussed above. Note that there may be more down-shifted features due to molecular excitations correlating to the higher-lying excited atomic levels superimposing on the electron energy-loss spectrum. However, given their low relative amplitudes and the limited quality of our data, we cannot unambiguously identify any.
But why are the two He * -He + molecular features observed only in coincidence with He + atomic ions? Clearly, the combined process of photoionization and scattering on the next neighbor occurs inside the droplets where we expect He photons 1/(σ abs n He ) 1800Å is much larger than the mean He droplet size so that we may expect nearly uniform illumination of all He atoms in the droplets. Here, σ abs = 0.026-0.012Å 2 is the photoionization cross section of He in the photon energy range 44-64 eV [45] . Our speculative explanation is that the bound He * -He + pair of atoms is expelled towards the He droplet surface where it decays into an unbound pair of atoms He+He + . In the bound excited state, the excited electron is delocalized over the two He atoms and therefore the system represents a vibronically excited molecular ion. Vibrationally excited [15, 46] as well as electronically excited molecular ions [47] and even excited atomic ions [48] have been found to be efficiently ejected out of He nanodroplets by a nonthermal, impulsive process. The He * -He + system either detaches from the droplet, or it stays very weakly bound at the surface until it radiatively decays into an unbound pair of atoms He+He + with an interatomic spacing around 4Å given by the minima of the potential wells (green and blue curves in Fig. 5 ). Our observation of the disappearance of the He * -He + molecular features for large He droplets is in line with previous observations of reduced ion yields for larger droplets [15] .
Our interpretation in terms of inelastic scattering of the photoelectron with a He atom next to the atom from which it is emitted inside the droplet is supported by measurements of the He + and He + 2 ion kinetic en-ergy distributions, shown in Fig. 6 a) and b) , respectively. In these experiments the He nozzle temperature was set to 16 K which corresponds to a mean number of He atoms per droplet of 5,500. At photon energies below the threshold for electron inelastic scattering, hν = 44 eV, He + ions predominantly have low kinetic energies < 0.2 eV. The kinetic energies of the He ion kinetic energy distributions are nearly unchanged. In contrast, at hν = 55 and 64 eV, where electron impact ionization is the dominant channel, the ion kinetic energy distributions qualitatively change; a second maximum appears as a shoulder in the ion spectrum of He + which is peaked around 0.7 eV and reaches up to about 2.7 eV. Similarly, the He + 2 spectrum develops a shoulder peaked around 0.6 eV which extends up to about 1.7 eV.
The higher kinetic-energy component of the ion energy distributions associated with electron impact ionization results from Coulomb explosion of pairs of ions created at relatively short distance. This is no surprise given the relatively large ionization cross section σ i = 0.15Å 2 at hν = 64 eV [35] , which yields a probability of electron scattering with a neighboring He atom in a droplet at a distance of d = 3.6Å of 1 − exp(−σ i n He d) = 1.2 %. The Coulomb explosion of two adjacent atoms in a He nanodroplet spaced by 3.6Å results in a kinetic energy release of about 4 eV, see the uppermost potential energy curve in Fig. 5 . This corresponds to a gain of kinetic energy of the He + ion of about 2 eV when assuming binary dissociation.
The experimental higher kinetic-energy shoulder in the He + distribution at hν = 64 eV contains 50 % of the total signal (25 % at hν = 55 eV) and spans the wide energy range 0.35 -2.7 eV. How can we rationalize this finding? The high-energy edge (2.7 eV) matches well the maximum energy that a He + ions can acquire when Coulomb explosion starts at the minimum distance between nearst neighbors (2.4Å) [34] . The low-energy onset (0.35 eV) corresponds to a distance between He + ions of about 20Å, which roughly coincides with the mean He nanodroplet radius (32Å). Thus, it seems that all electron-impact ionization events contribute to the shoulder structure in the He + energy distribution. Considering that scattering of the photoelectron with any atom in the entire He droplet may occur, we set d = 32Å and obtain an estimated scattering probability of 20 %, which comes close to the experimental value. As in the case of electron-impact excitation of a neighboring atom discussed above, a correlated or even collective one-photon double ionization process akin to shake-off [50] may enhance the signal amplitude.
The shape of the shoulder distribution is given by the distribution function of distances at which impact ionization occurs. In addition, collisions of the accelerated ions with neighboring He atoms on their way out of the droplet likely cause a shift towards lower energies. Such elastic ion-atom collisions have recently been observed for pairs of ions created by interatomic Coulombic decay (ICD) inside He droplets at an even shorter distance [26] . When an ion collides elastically with a neighboring He atom it can lose all of its kinetic energy (head-on collision), in which case Coulomb explosion restarts at a larger distance and the final kinetic energy is reduced. An accurate modeling of the measured ion kinetic energy distributions would require a three-dimensional scattering simulation, which goes beyond the scope of this paper, though.
C. Electron impact cross sections
Finally, we inspect the relative intensities of the various inelastic electron scattering channels as a function of photon energy. Fig. 7 displays the integrals over individual fitted peaks in the electron spectra recorded in coincidence with He + (a) and with He + 2 (b). For comparison, the theoretical results by Ralchenko [35] is shown in panel c). In the range 46 ≤ hν ≤ 51 eV the order of the experimental peak integrals roughly matches that of the theoretical cross section. Thus, 1s2s
3 S excitation is most probable, whereas 1s2p 1 P is least. At hν > 51 eV, the peak integrals are of similar order of magnitude, which agrees with the theoretical cross sections.
Likewise, the predicted pronounced rise of the cross section for impact ionization for hν > 49.2 eV is well reproduced by the electron data in coincidence with He + 2 . In the He + coincidence spectra, the impact ionization signals are slightly underrepresented with respect to the impact excitation channels. Given that the ratio of detected He + ions and coincident electrons as compared to He + 2 ions is only 0.23, the overall agreement of the measured peak integrals with the theoretical cross sections is satisfactory. This indicates that electron impact excitation and ionization proceed essentially with the same probabilities in He droplet as in free He atoms.
IV. CONCLUSION
When He nanodroplets are irradiated by XUV light at hν 44 eV, emitted photoelectrons undergo inelastic collisions with He atoms in the nanodroplets. The fraction of scattered electrons can exceed that of directly emitted electrons when the droplets grow large with radii 20 nm. The amplitudes of the individual inelastic channels (excited states of He, ionization) roughly agree with theoretical predictions for the He atom.
Previously, we had concluded that photoionization events occurring inside the droplets mostly generate He photoionization of free He atoms that accompany the He droplet beam, see process (2). However, when photoionization takes place inside the droplet and the photoelectron scatters off a He atom in the close vicinity of the photoion, He + ions and correlated electrons originating from inside the He droplets can be detected as well. In the case that the next neighbor is excited into low-lying levels by collision with the photoelectron, a transient bound He * -He + molecular state is populated [process (3) ]. This is seen as two small peaks in the electron spectrum corresponding to excited levels lying below the lowest excited state of the He atom. In case that the next neighbor is impact ionized, the two He + ions undergo Coulomb explosion and both He + and He the two processes (3) and (4) are the pertinent new features related to He nanodroplets. The possibiliy that correlated or even collective effects contribute to the amplitudes of these processes is an intriguing thought that hopefully incites theoreticians to investigate this system.
These results add to the fundamental understanding of the interaction of relatively low-energy electrons with condensed phase systems. Electron scattering in biological matter plays a crucial role in radiation biology and DNA damage [51] . Besides, our findings show that electron scattering may impose severe limitations for the use of He nanodroplets as a substrate for photoelectron spectroscopy of embedded molecules and complexes when using XUV or x-ray radiation. In a forthcoming study, we will discuss the importance of elastic scattering of electrons created inside large He nanodroplets.
